, novel mechanism underlying activity-regulated denraising the possibility that these bHLH transcription facdritic growth that may play important roles in the detors might play a role in specifying axonal or dendritic veloping and mature brain.
Figure 1. NeuroD Knockdown Results in the Specific Loss of Granule Neuron Dendrites
(A) Cerebellar granule neurons were transfected with the U6 control (a and b) or the U6/nd1 plasmid encoding NeuroD hpRNAs (c and d) together with a plasmid encoding ␤-galactosidase and left in full medium (30 mM KCl ϩ serum) for 4 days. Transfected cultures were fixed and subjected to immunocytochemistry with a mouse monoclonal antibody to ␤-galactosidase. Asterisks locate the cell body, arrowheads point at the axon, and arrows point at dendrites in the granule neurons. Scale bar equals 20 m.
(B and C) Granule neurons were transfected with the U6/nd1 (c and d) or control U6 (a and b) plasmid together with a GFP-expressing plasmid and analyzed as in (A). Immunocytochemistry was done using a rabbit antibody to GFP (green) and a mouse monoclonal antibody to MAP2 (red, B) or Tau (red, C). (D)
Lysates of Neuro2A cells that were transfected with the control U6 or the U6/nd1 plasmid together with a plasmid expressing FLAGtagged-NeuroD (F-ND) encoded by wild-type (wt) cDNA or a cDNA designed to be resistant to RNAi (RES) were subjected to immunoblotting with an antibody to FLAG. (E) Granule neurons were transfected with the U6 or U6/nd1 plasmid together with the expression plasmid encoding ND-WT, ND-RES, or the control vector (Pc) and an expression plasmid encoding ␤-galactosidase. Two representative panels are shown for each condition. Transfected granule neurons (Lee, 1997a) . We therefore focused on ( Figures 1A-1C ). NeuroD RNAi did not lead to the redistribution of the dendritic and axonal proteins MAP2 and the potential role of NeuroD in granule neuron morphogenesis. Granule neurons are generated within the exterTau in granule neurons that were analyzed each day for 6 days following transfection (Figures 1B and 1C and nal granular layer (EGL) of the cerebellar cortex, where they extend axons that continue to grow even as these data not shown). Together, these results revealed that the genetic knockdown of NeuroD in granule neurons neurons migrate to the internal granular layer (IGL) (Altman and Bayer, 1997). Well after the birth of axons and triggered the loss of dendrites. To demonstrate that the dendritic phenotype induced the formation of parallel fibers, granule neurons elaborate dendrites within the IGL that form the receiving end by NeuroD RNAi did not arise from the activation of the RNAi machinery per se or from the nonspecific inhibition of synapses with the axon terminals of mossy fibers (Altman and Bayer, 1997). Importantly, the sequential of the expression of unrelated proteins (Doench et al., 2003) , we performed a rescue experiment. We constructed generation of granule neuron axons and dendrites in vivo is faithfully recapitulated in primary cultures of rat an expression plasmid encoding NeuroD (ND-WT) using wild-type cDNA and a plasmid encoding a "rescue" form or mouse cerebellar granule neurons (Powell et al., 1997 ; and data not shown). For this reason and because granof NeuroD, designed to be resistant to RNA interference (ND-RES) by mutating the NeuroD cDNA. In the neuronal ule neurons in primary culture display distinct and easily identifiable axons and dendrites, these neurons provide cell line Neuro2A, NeuroD RNAi induced the effective knockdown of wild-type NeuroD but failed to reduce the a robust system for the study of axonal and dendritic development.
expression of ND-RES ( Figure 1D ). We next expressed in granule neurons ND-WT or ND-RES on the backTo determine the role of NeuroD in the specification of neuronal morphogenesis, we employed a DNA temground of NeuroD knockdown. We found that ND-RES, but not ND-WT, reversed the NeuroD knockdownplate-based RNA interference method to acutely knock down the expression of NeuroD in differentiated cereinduced dendritic phenotype. Whereas the expression of ND-WT failed to rescue the dendritic phenotype, the bellar granule neurons. A major advantage of the genetic knockdown method is that it allowed the assessment expression of ND-RES in NeuroD hpRNA-expressing neurons led to a 3-fold increase in dendritic length, thus of NeuroD function in granule neurons past the stages of granule cell precursor differentiation, in which NeuroD restoring to 75% of the dendritic length of control U6-transfected neurons ( Figure 1E ). These results indicate appears to play an essential prosurvival role (Miyata et al., 1999) . Primary cerebellar granule neurons, isolated that the dendritic phenotype in the NeuroD hpRNAexpressing neurons is the consequence of the specific from postnatal day 6 rat pups and cultured for 2 days (P6ϩ2DIV), were transfected with the U6/nd1 plasmid knockdown of NeuroD protein.
Given the prosurvival role of NeuroD during granule encoding NeuroD hairpin RNAs (hpRNAs) or the control U6 plasmid, together with a plasmid encoding ␤-galaccell precursor differentiation (Miyata et al., 1999), we next ruled out the possibility that the NeuroD knocktosidase or a plasmid encoding green fluorescent protein (GFP). Granule neurons were fixed four days after down-induced dendritic phenotype in the postmitotic granule neurons is a select manifestation of neuronal transfection and subjected to immunocytochemistry using a mouse monoclonal antibody to ␤-galactosidase cell death. While dendrites were missing in the NeuroD hpRNAs-expressing neurons, their axons and nuclei or a rabbit antibody to GFP. Axons and dendrites of the ␤-galactosidase-or GFP-positive transfected neurons were intact, arguing against the interpretation that the dendritic phenotype reflected an apoptotic process were identified based on their morphology and by the expression of the axonal marker Tau and the somato-(data not shown).
In other experiments, we determined whether NeuroD dendritic marker MAP2. Strikingly, although the NeuroD hpRNA-expressing neurons displayed robust axons, RNAi fails to induce the loss of dendrites in granule neurons upon the expression of the antiapoptotic prothese neurons harbored profoundly deficient or no dendrites, with the MAP2 signal only evident in the cell tein Bclxl. First, in control experiments we found that Bclxl did not inhibit dendritic growth in full medium conbody of the NeuroD hpRNA-expressing neurons ( Figures  1A-1C) . By contrast, the control U6-transfected granule taining serum ( Figure 1F ). In addition, we demonstrated that Bclxl overcomes the dendritic degeneration that neurons exhibited a normal morphological appearance with both robust axons and MAP2-positive dendrites was triggered upon survival factor deprivation-induced cultures were analyzed as in (A), quantified in the right panel, and presented as mean Ϯ SEM. Total dendritic length was significantly reduced upon NeuroD knockdown (c and d) and in ND-WT-expressing neurons (e and f) but not in ND-RES-expressing neurons (g and h) against the background of NeuroD knockdown, when compared to U6-transfected neurons (p Ͻ 0.05; ANOVA; n ϭ 3; a total of 240 neurons were measured organotypic cerebellar slices in which the organization Importantly, the knockdown of MEF2A failed to inhibit of the cerebellar tissue is preserved (Figure 3) . We introdendritic growth in Bclxl-expressing neurons as comduced the U6/nd1 or control U6 plasmid into sagittal pared to the control U6-transfected cells or neurons cerebellar slices using a biolistics method of transfecexpressing hpRNAs to the unrelated protein Cdk2 (Figtion. The integrity of the foliated and layered structure ure 1G). By contrast, we found that NeuroD knockdown within cerebellar slices was confirmed by immunohistoled to a dramatic loss of dendrites in the Bclxl-expresschemistry using an anti-calbindin antibody that labels ing granule neurons, and this phenotype was rescued by Purkinje neurons and the DNA dye bisbenzimide (Figure ND-RES ( Figure 1H ). Together, our findings established 3A). We restricted our analysis to the granule neurons that NeuroD promotes dendritic development indepenin the IGL. NeuroD knockdown in organotypic slices led dently of any potential regulation of the apoptotic mato an identical phenotype as the one observed in primary chinery.
granule neuron cultures with an 80% reduction in granule neuron dendritic length as compared to the control U6-transfected slices ( Figure 3B) . Importantly, the paralNeuroD Promotes Dendritic but not lel fibers were not affected by NeuroD RNAi (data not Axonal Morphogenesis shown). In other experiments, we found that the NeuroD We next determined whether NeuroD promotes both knockdown-induced dendritic loss was significantly reaxonal and dendritic growth or whether the role of versed by the expression of ND-RES in granule neurons NeuroD is to specify the generation of dendrites. To in cerebellar slices ( Figure 3C ). Taken We next determined whether NeuroD acts as a calcium-regulated transcription factor in neurons. We NeuroD RNAi failed to reduce axonal length in a representative population of hpRNA-expressing granule neutested the ability of the transactivation domain of NeuroD that was fused to the DNA binding and dimerization rons or even within a subpopulation of these neurons selected for very short dendrites ( Figure 2C ). Taken todomains of GAL4 (G4-ND) to mediate activity-induced transcription in granule neurons of a luciferase reporter disappeared upon incubation of these lysates with -phosphatase (data not shown). These results indicate gene containing GAL4 DNA binding sites upstream of the transcriptional start site (G4-luc). We found that that endogenous NeuroD in granule neurons is a phosphoprotein and that membrane depolarization triggers G4-ND robustly induced transcription of the G4-luc reporter gene in granule neurons upon membrane depothe phosphorylation of NeuroD. The activity-induced mobility shift of NeuroD was blocked by nimodipine and larization ( Figure 4C ). We also found that the CaMK inhibitor KN62 significantly reduced G4-ND-induced by the pharmacological inhibitor agent KN62 but not U0126 ( Figure 4D and data not shown). Correlating transcription in membrane-depolarized granule neurons. Taken together, these results raised the possibility that tightly with the immunoblotting results, KN62 but not U0126 blocked activity-induced dendritic growth (Figure a calcium-induced signal is coupled to NeuroD, leading to NeuroD-dependent transcription and dendritic 4B and data not shown). The ability of the VSCC and CaMK inhibitors nimodipine and KN62 to block dendritic growth.
Immunoblotting of granule neuron lysates revealed growth was evident in both serum-free and serum-containing medium ( Figure 4B ). Together, these findings that NeuroD migrated as several distinct bands and exhibited a mobility shift in lysates of membrane-depolarsuggested that activation of L-type VSCCs in granule neurons induces both NeuroD phosphorylation and ized granule neuron ( Figure 4D ). The retarded mobility of NeuroD in lysates of activity-stimulated granule neurons NeuroD-dependent dendritic growth via a calcium-cal- NeuroD ( Figure 5A ). The CaMKII-phosphorylated Neuphorylation of endogenous NeuroD at Ser336 in neurons. Immunoblotting using the pSer336-NeuroD antibody reroD was subjected to tandem mass spectrometry, which uncovered four sites of phosphorylation ( Figure 5A) .
vealed that the level of the Ser336-phosphorylated NeuroD was low in activity-deprived granule neuron culAmong these sites, the peptide motifs surrounding Ser290 and Ser336 conformed with increasing fidelity tures but was induced robustly in membrane-depolarized granule neuron cultures ( Figure 5D ). Specific to the type of substrate sequence favored by CaMKII (Songyang et al., 1996) . Strikingly, we found that an 8 pSer336-NeuroD immunoreactivity that was competed by phosphorylated but not unphosphorylated NeuroD amino acid peptide motif surrounding NeuroD Ser336, which is conserved among different species, closely Ser336 peptide was also detected immunocytochemically in the nucleus of granule neurons upon membrane resembles the CaMKII site of phosphorylation in the transcription factor CREB, Ser142 (Sun et al., 1994), with depolarization ( Figure 5E ). By both immunoblotting and immunocytochemistry, we found that the activitythe similarity extending beyond the current consensus CaMKII phosphorylation sequence ( Figure 5B Figure 6A) . Thus, based on distinct and maintenance of dendrites. Consistent with the conwithin the cerebellum (Lee, 1997b), these results suggest that bicuculline induces the phosphorylation of clusion that CaMKII promotes granule neuron dendritic growth, the knockdown of CaMKII␣ RNAi led to a phenoNeuroD at serine 336 in granule neurons in the intact cerebellum. In other experiments, we found that the copy of the NeuroD RNAi phenotype with severe reduction in dendritic length in membrane-depolarized granbicuculline-induced dendritic growth was blocked in granule neurons within cerebellar slices ( Figure 7C ). Toule neurons ( Figure 6B) . These results support the proposition that CaMKII and NeuroD act in a signaling gether, these findings suggest that neuronal activity induces the phosphorylation of NeuroD at serine 336, pathway that mediates the activity-induced growth and maintenance of granule neuron dendrites.
leading to dendritic growth in granule neurons within the intact cerebellar cortex. We first tested if CaMKII-induced phosphorylation of NeuroD is required for NeuroD's ability to mediate activity-induced transcription. Surprisingly, mutation of serDiscussion ines 290 and 336 had little effect on the ability of NeuroD's transactivation domain to stimulate transcripIn this study, we have characterized a novel mechanism tion of the G4-luc reporter gene (Figure 6C) 
